The low energy lattice dynamics of the quasi-periodic spin-ladder cuprate Sr14−xCaxCu24O41 are investigated using terahertz frequency synchrotron radiation. A high density of low-lying optical excitations are present in the 1-3 THz energy range, while at least two highly absorbing excitations stemming from rigid acoustic oscillations of the incommensurate chain and ladder sublattices, are observed at sub-terahertz frequencies. The effects of Ca substitution on the sub-terahertz quasiacoustic sliding mode gaps is investigated using coherent synchrotron radiation. Analysis of the results suggest increasing substitution of Sr for Ca is accompanied by a transfer of spectral weight between sliding modes associated with different chain-ladder dynamics. The observation is consistent with a transfer of hole charges from the chains to the ladders and modification of the sublattice dimensions following Ca substitution. The results are discussed in context to the significance of low-lying vibrational dynamics and electron-phonon coupling in the superconducting state of certain quasi-periodic systems.
INTRODUCTION
The significance of neighboring orders and their collective excitations in the thermodynamic landscape of high temperature superconductors (HTS) is an ongoing question within condensed matter physics. The simple notion of whether or not such orders ultimately enhance or impede superconductivity is examined in numerous HTS systems [1] [2] [3] . Recently, the implication of quasiperiodic lattice order with its associated low energy vibrational modes has also received interest in attempts to understand examples of strong-coupling superconductivity [4] [5] [6] [7] [8] [9] . In this context, the quasi-periodic spin-ladder cuprate Sr 14 Cu 24 O 41 (SCO) presents a unique environment to explore these ideas. Built from alternating layers of Sr 2 planes, two-leg Cu 2 O 3 ladders and CuO 2 chains (see Fig. 1 ), SCO forms a quasi-periodic superlattice due to an incommensurate free arrangement of the chain and Sr-ladder sublattices along the c direction, with c = 27.5 Å 10c ch 7c ld [10] , where c ch and c ld are the c lattice parameters of the chain and ladder sublattices, respectively. A nominal valence of Cu
2.6+
for each CuO 2 site intrinsically dopes the chains with ∼6 hole charge carries per unit formula [11] . This, in combination with the quasi-periodic lattice, facilitates a number of exotic low-dimensional charge and S = 1/2 quantum magnetic properties including anisotropic non-linear charge transport [12] [13] [14] , charge density wave (CDW) charge order [15] [16] [17] [18] , hole crystallization [19] , spin gapped antiferromagnetic dimerization [20] [21] [22] [23] [24] , and long-range quantum coherence [25] .
Substitution of Sr with Ca in compounds of Sr 14−x Ca x Cu 24 O 41 (SCCO) acts to transfer holes from the chains to the ladders, providing control over the unique physics expressed in each sublattice and hence tunability over the landscape of electronic orders [11, [26] [27] [28] [29] [30] . Perhaps the most significant consequence being the emergence of superconductivity below 12 K for a Ca concentration of x = 13.6 and hydrostatic pressure of 3 GPa [31] . The occurrence of superconductivity in SCCO is noted as unique amongst the HTS cuprates because the lattice maintains its one-dimensional nature at high pressure and lacks the familiar CuO 4 square plackets [32] . As such, the nature of superconductivity in SCCO remains poorly understood. Remarkably, recent spectroscopic experiments on the order of 1 meV have revealed the presence of additional acoustic vibrational modes supported by a rigid sliding oscillation of the incommensurate chain and ladder sublattices [33, 34] . Theoretically predicted over 30 years earlier [35, 36] , these quasi-acoustic sliding modes invoke similarities to the low-frequency vibrational modes of other quasi-periodic superconductors [5, 6, 8, 9] and therefore warrant further attention.
Spectral studies of low energy dynamics has proven to be an effective probe of the interplay between the different electronic orders in SCCO. However, while considerable effort has been made to understand the effects of Ca substitution on the charge order [11, 26, 37] and spin-gap [29, 30, 38, 39] properties of SCCO, little attention has been given to the effects on the quasi-acoustic sliding repeating structure containing the Sr2 -Cu2O3 and CuO2 sublattices [337, 338] . Since c ld ' p 2c ch , this gives an e↵ective c = 27.5Å ' 10c ch ' 7c ld and leads to the large unit cell.
Electronic properties
Electronically, Sr14Cu24O41 is a 'self-doped' system with the nominal Cu valence of +2.25 modes. To address this we have attempted a spectroscopic study on a series of SCCO samples using a combination of synchrotron and laboratory-based terahertz (THz) and far-infrared (FIR) techniques. In combination, the different techniques provide a picture of the low energy lattice dynamics in relation to changes in temperature and Ca concentration. We observe a number of highly anisotropic optical excitations below 3 THz including strong absorption bands in the sub-THz energy range of SCCO consistent with previous works [17, 26, 33, 34] . Our results show a transfer of spectral weight between sliding mode excitations associated with slow in-phase and fast out-of-phase chain-ladder sliding dynamics. We note that it is within the ladders that the superconducting channels are expected and discuss the implications of our results in this context.
EXPERIMENTAL DETAILS
Single crystals of SCCO with x = 0, 3, 7 and 11 were grown by the floating zone method and prepared as wafers cut normal to the b axis. Sample dimensions were approximately 5×5×1 mm 3 . Details of the sample characterization can be found in reference [40] . Transmission measurements of the x = 0 sample in the 0.6-3.6 THz spectral range from 5.6-300 K were performed at the Australian Synchrotron far-infrared beamline. Spectra were collected using a Bruker IFS125HR FTIR Michelson interferometer with a 75 µm mylar beam splitter and 4.2 K Si Bolometer detector at 0.5 cm −1 resolution for polarized E||c and E||a configurations. A 2.5 mm aperture copper mount was used as a reference. Complementary spectra in the same energy range were also collected for the x = 0 and x = 3 samples using a modified polytec FIR 25 Fourier transform interferometer with mercury lamp source, interfaced to the low-temperature insert of a He cooled 7-T Oxford split-coil superconducting magnet. To test the magnetic activity of observed excitations, experiments were performed at 5 K from 0 to 5 T. However, we observed no magnetic field effects and therefore only 0 T measurements are presented here. Transmission spectra of the x = 0, 3, 7 and 11 samples in the 0.2-1.2 THz (6.7-40 cm
) spectral range were performed at the SOLEIL synchrotron AILES beamline operating with coherent synchrotron radiation in a low-α configuration providing a high power, polarized radiation source in the sub-THz energy range [41, 42] . The samples were mounted to an Attocube rotation stage thermally coupled to the cold head of a Cryomech PT 405 pulse tube cryostat, achieving sample temperatures from 16-300 K. Spectra were collected using a Bruker IFS125 FTIR Michelson interferometer with a 125 µm mylar beam splitter and 1.6 K Si Bolometer detector at 0.5 cm
resolution. Experimental limitations prevented measurement of a conventional vacuum reference. Therefore, quantitative extraction of sample attenuation was determined by analyzing the rotationally dependent response while assuming a flat contribution for E||a. Details of this analysis process are covered in the supplementary material [43] .
RESULTS
The general anisotropic and temperature dependent behavior for the conductivity and lattice dynamics of SCO in the far-infrared energy range is captured in the transmission spectra of Fig. 2 . As seen in Figs. 2 (a) and (c), the sample is semi-insulating at low frequency when the electric field is perpendicular to the chains and ladders (E||a), transmitting ∼10% below 1 THz at room temperature. As the temperature is lowered, the sample transmission increases steadily as a broad absorption continuum shifts to higher frequencies, stabilizing at ∼2.75 THz below ∼100 K. This behavior is consistent with reflectivity measurements indicating a suppressed optical conductivity due to a shifting plasma response [37] . It is worth noting that the stabilization of this response below 100 K corresponds to the temperature of spin dimer formation observed in the magnetic susceptibility [21, 22] . It suggests a correlation between charge transport and magnetic degrees of freedom in the a direction and marks a crossover from 2D to 1D charge dynamics. On the other hand, when the electric field is parallel to the chains and ladders (E||c, Figs. 2 (b) and (d)), the sample is non-transparent at high temperatures due to the metallic behavior along c. Upon cooling below ∼150 K, the transmission abruptly increases following insulating behavior as a result of a pinned charge density wave [18, 26, 44] in the charge ordered phase emerging at T co = 200 K [14, 15] .
In both polarizations a number of sharp absorption features are seen, which exhibit abnormally low energy, high density and fine structure when compared to con- ventional optical phonon modes in other alkaline cuperates [45] [46] [47] [48] . Multi-peak fitting and error analysis of the absorption features (Figs.2 (c) and (d)) was performed using a Marquardt-Levenberg nonlinear least-squares fitting procedure implemented within the Wave Metrics Igor Pro software package. Results of the temperature dependence for fitted peak positions labeled from A-R are shown in Figs.2 (e) and (f), while the peak intensity of three representative features (B, G, Q) is shown in Fig.2 (g) . Minimal broadening and frequency shifts are observed as a function of temperature. The peak intensity profiles reveal three temperature regimes associated with the different electronic orders of SCO. In the high temperature regime (200 -300 K), the dependence of peak B shows a general increase in phonon intensity as the temperature is lowered. We attribute this to the decreasing optical conductivity that minimizes screening by mobile charges and enhances the observed phonon intensity. Below ∼200 K, a similar effect is observed along the c direction following the stabilization of the insulating charge ordered phase that is accompanied by the appearance of new modes such as peak G. Below ∼100 K, SCO is characterized by the stabilization of short range magnetic spin dimmer order on the chain sublattice. As observed in similar quasi-one dimensional charge and spin-dimmer ordered systems such as the (TMTTF)2X charge-transfer salts, such processes are often accompanied by local charge redistribution that stabilize new vibrational modes [49, 50] . The presence of new modes such as peak Q, and the perceived splitting of peaks I and H below ∼100 K could be attributed to similar behavior in SCO. Overall, the observed lattice dynamics are consistent with the highly ordered super-cell structure of SCO, supporting a large number of under-damped, weakly dispersive optical lattice modes and demonstrating a mixing between lattice and electronic order parameters over a broad temperature range [34, 37, 51, 52] . We note that the particularly high density of low lying phonons observed for the c direction are also likely complimented by zone folded modes due to the incommensurate chain-ladder relationship and charge order Peierls distortion that modulates the chain and ladder symmetries while maintaining the same overall crystal structure [32, 53, 54] . The zone folding phenomenon is well documented in other low dimensional systems exhibiting charge ordering [55] [56] [57] [58] . In SCO the effect has previously been noted by the appearance of new phonon-like Raman modes below T co , in the vicinity of 6-18 THz [51] . In general however, due to the large and complex nature of the SCO lattice, a more precise assignment of individual lattice excitations in Fig. 2 remains a challenge. Finally, we note that measurements performed under magnetic field (not shown) revealed no discernible peak shifts except for a weak signal resulting from Zeeman splitting of the chain localized spin triplet excitations at 2.33 THz (peak E) and 2.63 THz in the E||a configuration. Details of the spin triplet excitations from chain and ladder localized Zhang-Rice singlet states have been covered elsewhere [20, 21, 23, 24] with an analysis of their optical excitation given in Ref. [59] . A further analysis of peak fits in the spectral region of Fig. 2 is addressed in Ref. [60] . More details of the temperature dependence for the peak fitting parameters are provided in [43] .
Apart from the high density of optical phonon modes beginning at ∼2 THz, a strong absorption band below ∼1 THz also dominates the spectra in the E||c configuration (Figs. 2 (b) and (d) ). The position, intensity, and anisotropy of the band suggests that it is related to gapped acoustic excitations stemming from ridged collective oscillations of the incommensurate chain and ladder sublattices. Such sliding modes are theoretically predicted in low dimensional incommensurate systems [35, 36] and were first identified in SCO by Thorsmølle et al. [33] . The strong spectral intensity of these excitations renders the spectrum completely opaque to conventional THz transmission techniques and gives a flat reststrahlen band close to 1 in reflection. These limitations make precise optical measurement of the sliding mode gap difficult. In Ref. [33] , combined transmission and reflection techniques were used to give values of 0.25 THz and 0.38 THz for infrared active modes with different relative sliding motion. Inelastic neutron scattering on SCO single crystals confirms the highly anisotropic acoustic dispersion of the sliding modes with a gap of 0.46 THz [34] . Together, these studies provide a convincing picture of the sub-THz excitations in SCO. However, the discrepancy in the observed gaps and their ∼50% lower frequency compared to the absorption band beginning at ∼1 THz in Fig 2 suggests that there are more details to be uncovered. Moreover, a study of the effects of Ca doping on the properties of the sliding mode excitations is pertinent in relation to the role of low-frequency lattice modes in the superconducting state [6] . To address these points we performed THz transmission measurements on samples of SCCO with x = 0, 3 ,7 and 11 using coherent synchrotron radiation. The high flux at low frequency achievable with coherent synchrotron radiation allows measurement of strongly absorbing excitations in transmission geometry without complete attenuation of the signal at the resonant energy. Taking advantage of the one dimensional anisotropic optical response of the samples at low temperature and the naturally polarized radiation of the low-α mode coherent synchrotron, spectra were analyzed by comparing changes in transmitted intensity as the sample is rotated away from a E||c configuration. Following the details provided in [43] , and assuming a flat, sub-THz transmittance for E||a of T a = 0.35 extrapolated from Fig. 2 for the x = 0 sample, a quantitative measurement of the attenuation coefficient for E||c is possible. Similar analysis techniques have been implemented in probing highly absorbing excitations in other strongly anisotropic cuprates [61] . The results at 16 K are shown in Fig. 3 in combination with higher frequency measurements obtained by conventional far infrared methods at 5 K. The data is omitted between 0.6 and 0.77 THz due to noise artifacts at the beam splitter minimum.
Despite limitations of the rotational measurement technique and omitted data at the beam splitter minimum, a clear and broad resonant excitation band is observed centered around 0.6 THz for the x = 0 sample in Fig. 3 (a) . We attribute weak fringes on top of the excitation band to a phase mismatch between the plane parallel interference fringes for E||c and E||a configurations. A nice agreement with the absorption band edge at ∼1 THz obtained by conventional FIR methods validates the quantitative analysis of the CSR data and provides a broadband picture of the low frequency optical response along c. We find that the asymmetric sub-THz absorption band is fit best by two Gaussian profiles with energies of 0.48±0.01 and 0.88 ± 0.01 THz designated β1 and β2 respectively. Data for the x = 3 Ca substituted sample are shown in Fig. 3 (b) . Here, a combination of the beam splitter minimum and strong sample absorption attenuates the signal between 0.62 and 1.14 THz. Nevertheless, the combined results of the CSR and FIR techniques come together to show a consistent, quantitative picture of the low-frequency spectrum.
Firstly, we note the absence of the optical phonons above 1.5 THz that marks a distinction between the lowfrequency optical lattice dynamics in the x = 0 and x = 3 compounds. This may be a result of hardening due to increased lattice strain pushing the phonons above the detected spectral bandwidth. It may also mark a suppression of zone folding behavior resulting from a different CDW modulation due to the expected transfer of holes from the chains to the ladders with increasing Ca substitution [11] . While the effects of Ca substitution on the optical lattice dynamics appear dramatic, the effects on the sliding acoustic dynamics are subtler. As can be seen in Fig. 3 (b) , the CSR data shows a rising absorption band from 0.2 to 0.6 THz. On the other hand, the FIR data shows an absorption band edge starting to form below 1.2 THz and suggests the presence of a resonant excitation below this frequency. While the attenuated spectrum between 0.62 and 1.14 THz obscures the complete spectral profile, we find a suitable fit to the available data is given by two Gaussian peak profiles with energies 0.37 ± 0.13 THz and 0.81 ± 0.03 THz as shown in Fig. 3  (b) . A resemblance to the sub-THz peaks in the x = 0 sample is evidence that the two peaks in Fig. 3 (b) are the same gaped sliding modes designated β1 and β2 respectively. While we note that it is difficult to draw solid conclusions about the evolution of the spectral profile between the two samples in the absence of an intermediate measurement between x = 0 and x = 3 Ca concentrations, the analysis suggests there is a transfer of spectral weight from peak β1 to β2 with increasing Ca substitution. The dependence of peak position and area on Ca substitution, including an extrapolated linear trend, is shown in the insets of Figs. 
(c) and (d).
Only low-frequency CSR data is available for the x = 7 and 11 samples, shown in Figs. 3 (c) and (d) . In these two cases the sub-THz response is mostly flat. Based on the available literature [26] , it is possible the x = 7 sample is not completely stabilized in the charge ordered phase at 16 K. The x = 11 sample should be either a poor insulator or completely metallic at 16 K. Therefore it is likely that freely mobile charges on the chains and ladders in the x=7 and 11 samples act to screen resonance excitations in the E||c configurations. This could then explain the absence of any resonant signatures of the gaped sliding modes in this energy range.
We now turn our attention to the temperature dependence of the sliding mode excitations for the x = 0 and x = 3 samples shown in Fig. 4 . As established in the spectra of Fig 2, as well as in the literature [18, 26, 37, 62, 63] , the relationship between the charge and lattice dynamics in SCCO is highly temperature dependent. Moreover, this dependence shifts for different Ca concentrations and should be considered when comparing results for different samples at a single temperature. As such, we would like to rule out any effects of temperature on the observed transfer of spectral weight between peaks β1 and β2 for x = 0 and x = 3 samples in Fig. 3 . The results show negligible shifts in the sliding mode gap for x = 0 as a function of temperature evidenced in both the CSR (Fig. 3) and synchrotron (Fig 2) spectra. Peak intensity determined by the fitted peak area for β1 and β2 as a function of temperature is shown in Fig. 4 with T co = 200 K, approximating the charge ordered phase transition at 200 K for x = 0. Evidently, the excitation intensity closely follows the charge order temperature dependence. As expected, the increasing conductivity of the sample at higher temperature will allow more effective screening of the sliding mode resonance reducing its spectral intensity. A similar temperature dependence is found for the fitted peaks of the x = 3 spectra shown in Figs. 4 (c)-(d) . Here the charge order trend is shown using a critical temperature of T co = 100 K. Interestingly, we find that while peak β1 generally follows the charge ordering trend, β2 decreases more rapidly appearing completely suppressed at higher temperatures. Together, the results provide supporting evidence for the intrinsic nature of the observed transfer of spectral weight between β1 and β2 in the measurements of the x = 0 and x = 3 samples at 16 K. 
DISCUSSION
We point out that our observations of strongly absorbing sub-THz excitations in SCCO for x = 0 and 3 are in close agreement with a previous study noting excitations at similar energies for the two compositions [17, 26] . These resolution limited results were originally interpreted as density wave dynamics. However, subsequent optical [33] and neutron scattering [34] experiments have provided a more convincing picture, describing them as gapped sliding or quasi-acoustic modes. Such excitations should manifest in low dimensional systems with incommensurate sublattices such as in SCCO. This is because the ridged translation of one sublattice relative to the other leaves the total system energetically invariant due to their continuous symmetry relation [64] . This effectively introduces additional acoustic modes on top of the conventional acoustic oscillations of the whole structure [35] . If the two incommensurate sublattices (a and b) are oppositely charged, then analogous to electronic plasmon oscillations, the sliding modes will induce a net capacitance across the sample acting as a restoring force for the displacement. In a three-dimensional sample, the resorting electric field is independent of the distance of charge separation, sensitive only to the charge per unit area σ, and the residual permitivity of the lattice r = 0 ∞ (E = σ/ 0 ∞ ). Therefore, even at the long wavelength limit, a finite energy is required to excite such quasi-acoustic sliding modes, with the zone center energy gap given by [36] ,
where n a,b , q a,b and m a,b are the incommensurate a and b sublattice unit cell density, charge and mass respectively. In the case of SCCO the CuO 2 chains feature a nominal charge of q ch = (-2+0.6)e = -1.4e due to the localization of 6 residual holes over 10 chain units, while the Sr 2 Cu 2 O 3 Sr-ladder combination has a net charge of q ld = +2e. We can then estimate the sliding mode energy gap by considering a residual permitivity of ∞ = 15, consistent with reflectivity measurements available in the literature [33, 37] , unit cell volumes of V ch = 418 Å we find a sliding mode energy of 0.46 THz, both for modes involving chains sliding relative to static ladders and ladders sliding relative to static chains (see [43] ). The result is in close agreement to our observation of peak β1 = 0.48 THz. In fact the small difference between the calculated and observed energies can be accounted for by a slight modification to the residual permitivity ( ∞ ≈ 14) within the uncertainty of typical reflectivity measurements, or by considering hole delocalization from the chains to the ladders (giving q ch = -1.45e, q ld = +2.1e) as could be expected in a x = 0 SCCO sample with slight impurities [11] . It is also worth noting that the sensitivity of the sliding mode excitations to the permitivity and charge parameters as well as the noted variance in the hole concentrations of different samples [11] could explain the small frequency discrepancies between different observations in the literature [17, 26, 33, 34] . Moreover, the derivation of Equation 1 assumes the case k 1/L where k is the probing radiation wave vector and L the sample length along c. While k > 1/L is valid for a 5 mm long sample and 1 THz radiation, for shorter samples and longer wavelengths experiments approach k = 1/L, meaning sample dimensions may also play a role in the slightly different energy gaps observed.
Applying the same analysis to peak β2 predicts chain and ladder sublattice charges on the order of q = 2.6-3.8e, higher than the expected net valencies of the individual sublattices. Rather, we expect that this is evidence of a higher order harmonic in which the two sublattices slide out of phase relative to each other (see [43] ), effectively increasing the charge separation and hence the strength of the restoring electric field. Considering Cu 2 O 3 ladders decoupled from the Sr 2 ions, sliding out of phase with the CuO 2 chains and producing a combined charge displacement of q = 3.4e we calculate a sliding mode energy gap of 0.88 THz in close agreement with the observation of β2. While this interpretation provides one description for a higher order sliding mode, we must also note that similar energy gaps are found by considering different scenarios in which lighter sublattices within the supercell structure move relative to each other. For example decoupling the chain motion from most of the ladder sublattice mass so that they are coupled only to the 180
• bonded O 2 atoms in the ladders also gives an energy equivalent to β2. Moreover, the possibility that β2 represents a different sort of dynamic stemming from the charge ordering cannot be completely ruled out with the experimental evidence available.
Nevertheless, with a general understanding of the contributions to the sliding mode gap, we can now consider the different observations in Figs. 3 and 4 . As established by optical [65] and x-ray [11] techniques, Ca substitution in SCCO acts to reduce the distance between chain and ladder layers facilitating the transfer of holes from the chains to the ladders leaving the total number of holes roughly unchanged. This will effectively increase the negative charge on the chains while increasing the positive charge on the ladders. Moreover, Ca substitution acts to reduce the chain and ladder unit cell volumes as well as the Sr 2 Cu 2 O 3 sublattice mass [10, 32] . Each of these processes will have the net effect of increasing the energy gap for all sliding mode types. In contrast, reflectivity measurements show an increase in the dielectric permitivity following Ca substitution [37] that would facilitate softening of the sliding modes. As our observations comparing x = 0 to x = 3 Ca concentrations in Fig. 3 suggest, these contrasting effects are mostly balanced ultimately resulting in a subtle softening of each mode following Ca substitution. On the other hand, the observed transfer of spectral weight between the two modes can be interpreted as an increase in the dipolar moment associated to the β2 excitation. This effect would be expected following an increase of charge on each sublattice as a result of hole transfer between the chains and ladders as well as from an increase in the relative charge displacement. Since Ca doping leads to an increase in the lattice parameter c ch but a decrease in c ld , we can indeed expect an increase in the relative charge displacement for a mode where the chains and ladders are displaced in opposite directions. This picture is also consistent with the temperature dependent observations in Fig. 4 (c) for the x = 3 sample. Since charges are more mobile on the ladders than on the chains [66] one could expect excitations associated with charge localization on the ladders (β2) to be suppressed in contrast to chain based modes, as the conductivity on the ladders increases at a higher rate than on the chains when subjected to heating.
As a final comment, it is interesting to consider the nature of the sliding lattice dynamics in the context of the superconducting state observed at Ca concentrations of approximately 11 < x < 14 under pressures on the order of ∼3-5 Gpa below ∼14 K [31, 32, 67] . It has recently been commented that low frequency vibrational excitations in other quasi-periodic systems could be significant in relation to observations of strong-coupling superconductivity [4] [5] [6] [7] [8] [9] . This is because the electron-phonon coupling is essentially proportional to the inverse of phonon frequency (λ ∼ Σ q ω −1 q ) [6] . Our observed softening of the sliding mode gap suggests that such coupling in SCCO could indeed grow for increasing Ca substitution. While we note that the superconducting channels in SCCO are predicted to occur primarily within the ladders [68, 69] , it is interesting to point out that the approximate trend of the energy and intensity of β1 associated with both slow chain and ladder oscillations approaches zero in the 11 < x < 14 superconducting range. This trend, accompanied by a transfer of spectral weight to the fast oscillations associated to β2, provides a promising indicator that the sliding mode dynamics of SCCO should perhaps be considered within models of the superconducting state. We also note observations in the literature of CDW softening for increasing Ca substitution in SCCO [26, 44] which predict a softening to zero energy for Ca concentrations in the range of x ≈10. Evidently there is a number of different collective dynamics converging at the phase boundaries of SCCO that indicate collective excitations do play a role in the superconducting thermodynamic landscape. We anticipate pressure dependent measurements of the sliding mode gap in SCCO to be a high priority in further understanding their overall significance.
CONCLUSION
In conclusion, we have probed the low energy lattice dynamics of the quasi-periodic spin-ladder cuprate SCCO using synchrotron and laboratory-based THz spectroscopy. Specific focus on the energy gap of quasiacoustic sliding modes reveals two different excitations we associate with slow in-phase and fast out-of-phase chain-ladder sliding dynamics. An analysis of the dependence on Ca concentration of these modes shows a softening of the sliding mode energy gap and a transfer of spectral weight from the slow oscillations to the fast ones with increasing Ca substitution. The results are consistent with a transfer of intrinsic holes from the chain to ladder sublattices. An approximate trend of the behavior suggests complete suppression of the slower oscillations at the phase boundary of the superconducting phase. The results are discussed in the context of recent interest into the significance of low frequency excitations in aperiodic systems exhibiting superconductivity. We highlight the importance of future experiments aimed at probing the external pressure dependence of these exotic excitations. configuration Fig. 5 (a) . Artifacts due to the beamsplitter minimum and the radiation profile are located at 0.70 and 0.96 THz and must be omitted from the final data extraction. An excitation band emerges between 0.2-1 THz when the angle between the relative spectra is increased. A broad absorption is observed as the sample is aligned to the polarization configuration E||c which is highlight in ratio between the two spectra shown in Fig. 5 (b) . One of the benefits of using the CSR low-α mode radiation is the high flux at sub-THz frequencies which are not completely absorbed despite the strong excitations in this energy range. The quantitative absorption (αd) calculated using equations (3) and (4) is shown in Fig. 5 (c) . Here we have used a fixed transmission value for T a of 0.35 extrapolated from the measurements at higher frequency. We assume an uncertainty of ±0.1 which translates to a small frequency independent offset. The agreement between the spectra obtained at different angles demonstrates the validity of this method Weak fringes appear on top of the excitation band likely due to the a phase mismatch between the plane parallel interference fringes for E||c and E||a 6 . Sketch of proposed lattice dynamics for observed excitations β1 and β2. The "slow" sliding mode (β1) is explained by the chain (or ladder) sublattice displaced in phase relative to the stationary ladder (or chain) sublattice. The higher order or "fast" sliding mode (β2) is described by an out of phase displacement of each sublattice relative to each other.
